Pathogens face a hostile and often novel environment when infecting a new host, and adaptation is likely to be an important determinant of the success in colonization and establishment. We hypothesized that resistant hosts will impose stronger selection on pathogens than susceptible hosts, which should accelerate pathogen evolution through selection biased toward effector genes. To test this hypothesis, we conducted an experimental evolution study on Xanthomonas citri subsp. citri (Xcc) in a susceptible plant species and a resistant plant species. We performed 55 rounds of repeated reinoculation of Xcc through susceptible host grapefruit (isolates G1, G2, G3) and resistant host kumquat (isolates K1, K2, K3). Consequently, only K1 and K3 isolates lost their ability to elicit a hypersensitive response (HR) in kumquat. Illumina sequencing of the parental and descendant strains P, G1, G2, G3, K1, K2 and K3 revealed that fixed mutations were biased toward type three secretion system effectors in isolates K1 and K3. Parallel evolution was observed in the K1 and K3 strains, suggesting that the mutations result from selection rather than by random drift. Our results support our hypothesis and suggest that repeated infection of resistant hosts by pathogens should be prevented to avoid selecting for adaptive pathogens.
Microbial pathogenicity in animals and plants has evolved through an arms race of attack and defense, reflecting successive developments in virulence and disease resistance (Arnold et al., 2007) . Pathogens face a hostile and often novel environment when infecting a new host, and adaptation is likely to be an important determinant of the success in colonization and establishment . Understanding adaptive processes in pathogens, and in particular, characterizing the various genetic routes to adaptation in novel environments, is important for developing effective control measures.
Plants, unlike mammals, lack dedicated mobile defender cells and a somatic adaptive immune system. The quantitative output of a two-branched innate immune system of plants described through the 'zig-zag' model (Jones and Dangl, 2006) explains host specificity in terms of a coevolutionary arms race between the plant and the pathogen. This model proposes distinct phases including pathogen-associated molecular pattern-triggered immunity; effector-triggered susceptibility in overcoming pathogen-associated molecular pattern-triggered immunity; effector-triggered immunity that further protects the plant against microbial infection; and countermove where the pathogen may evolve to escape recognition by either alteration of the binding specificity of the effector or by evolution of novel host-defense suppression (Jones and Dangl, 2006) . As the coevolutionary arms race holds a central position in our understanding of pathogenhost interactions, it is important to dissect the molecular basis and dependencies of this process to fully understand the evolutionary forces and the molecular and ecological interactions that drive reciprocal adaptations.
In this study, we hypothesized that resistant hosts will impose a stronger selection than susceptible hosts on pathogens, which should accelerate pathogen evolution through selection biased toward effector genes. Thus, by investigating fixed mutations and the corresponding phenotype, we were able to further understand the molecular mechanism that drives the pathogens to overcome plant defense in resistant varieties. Here, we used a combination of experimental evolution and whole-genome sequencing to investigate pathogen adaptation using Xanthomonas citri subsp. citri (Xcc). Xcc causes citrus canker disease, and has previously been chosen as a model for investigating the molecular determinants of host specialization (Brunings and Gabriel, 2003) . Xcc contains typical pathogen-associated molecular patterns (Casabuono et al., 2011) and 25 type three secretion system effectors (da Silva et al., 2002) . It is well documented that Meiwa kumquat (Fortunella crassifolia) is immune to Xcc and shows a hypersensitive response (HR) reaction to Xcc infection (Khalaf et al., 2008; Fu et al., 2012) , whereas grapefruit (Citrus paradise) is one of the highly susceptible citrus varieties (Gottwald and Graham, 2000) . In addition, the HR in kumquat caused by Xcc takes several days to develop. The slow HR of kumquat to Xcc provides a unique opportunity to probe the adaptive evolution of this bacterial pathogen in resistant and susceptible hosts.
To test our hypothesis, we performed 55 rounds of repeated reinoculation (referred to as 'passaging') of individual colonies of Xcc strain 306 (parent strain, designated as P) at 10 6 CFU ml À 1 into grapefruit (colonies designated as G1, G2 and G3) and kumquat (colonies designated as K1, K2 and K3) (Supplementary Figure S1 ). For the two strains, K1 and K3, which were repeatedly reinoculated into kumquat, loss of HR was observed after 47 and 51 passages, respectively, whereas no changes were observed for other strains. The time of occurrence of loss of HR corresponded to a total of 1762 and 1912 generations for strains K1 and K3, respectively. The loss of HR was stable after 55 passages for both the strains (Figure 1 ). The strain K3 was reduced in its ability to cause canker disease in grapefruit. We observed no significant differences in the population densities of strains G1, G2, G3 and K2 when compared with the P strain in kumquat (Figure 1d ). The growth curves of G1, G2, G3, K2 and P strains in kumquat showed a reduction trend after 3 days post inoculation, and the population densities were much lower in kumquat than those in the compatible interaction in grapefruit, fitting a pattern of incompatible interaction (Alfano and Collmer, 1996 ; Figure 1 ).
Unlike the P strain, the growth curves of strains K1 and K3 in kumquat were similar to the compatible interaction, as suggested previously (Alfano and Collmer, 1996) , and did not induce a HR in kumquat ( Figure 1 ). However, the population densities of K1 and K3 were nearly 10-fold lower than those of the other strains ( Figure 1d ). Our results suggest that K1 and K3 evade the HR of kumquat. K3 had reduced fitness in the susceptible host grapefruit, whereas K1 maintained its fitness in grapefruit ( Figure 1 ). Our results are also in accordance with previous studies reporting that evolutionary adaptation to a novel set of selective conditions often correlates with either reduced or no fitness advantage in an environment to which the population had previously adapted (Elena and Lenski, 2003; Ensminger et al., 2012) .
To decipher the fixed mutations of the G1, G2, G3, K1, K2 and K3 strains relative to the P strain, we
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used Illumina sequencing technology to map genome-wide single-nucleotide polymorphisms, and deletions and insertions. Illumina sequencing has been used to follow the genome evolution of various bacterial pathogens (Brockhurst et al., 2011; Dettman et al., 2012) . On an average, we obtained 15.09 million reads per strain with chromosome coverage ranging from 167 to 399 (Supplementary  Table S1 ). High coverage of reads generated by the G2 Illumina resulted in a false-positive rate of only one per 9 200 000 bp. Although we obtained very high coverage per base position and negligible false-positive rates by Illumina sequencing (Dharia et al., 2010) , we confirmed all the non-synonymous and frameshift mutation resulting in amino-acid substitutions by Sanger sequencing (Supplementary Table S2 ). Thirty-six (97.3%) of the 37 single-nucleotide polymorphisms predicted by Illumina were confirmed by Sanger sequencing (Table 1) . Similar results have been previously reported (Dharia et al., 2010; Wong et al., 2012) .
Unlike other in vitro bacterial evolution studies (Barrick et al., 2009) , differences in the insertion sequence number or location were not observed. Similar results have been reported previously where an experimental evolution approach was used to investigate pathogen adaptation in completely unrelated environments such as mouse macrophage (Ensminger et al., 2012) and cystic fibrosis-like culture conditions in the presence and absence of fluoroquinolone antibiotics . In addition, unlike some other studies of the pathogen evolution in planta (Pitman et al., 2005; Lovell et al., 2009) , our analysis did not detect the complete loss or gain of any gene among the bacterial strains compared with the parent.
We identified a total of 96 mutations across all the Xcc strains. Of these mutations, 5 are predicted to result in frameshifts in the open reading frame, 29 are synonymous mutations, 31 are non-synonymous mutations and 31 are intergenic (Supplementary  Tables S3-S8) . Mutation rates of all the strains, except for strain K1, were equivalent to those reported from evolution experiments using the whole-genome data (Supplementary Table S9 , Wielgoss et al., 2011) . Mutation rate for the strain K1 was significantly higher at 529 Â 10 À 11 . It must be noted that mutation rates may differ between strains and species, and they may change depending on the environmental conditions experienced by cells (Wielgoss et al., 2011) . For strains K1 and K3, the ratio (o ¼ dN/dS) between the number of amino acid replacing codon changes (non-synonymous changes; N) and synonymous changes (S) is greater than 1, suggesting positive selection (Toft and Andersson, 2010) . Previous studies of the genomic basis of adaptation in experimentally evolved bacterial populations have detected an average of 1.07 mutations/100 generations (Dettman et al., 2012) . The mutations in strains K1 and K3 are higher than in the other strains used in this study (Supplementary Table S9 ) and those of previous studies. This difference indicates that Xcc undergoes stronger selection pressure in the resistant kumquat plant than in the susceptible grapefruit plant as hypothesized.
As proposed in the 'zig-zag' model, mutations in effectors are likely responsible for escape from the host-defense surveillance. In the K1 and K3 strains, which lost the ability to induce a HR reaction in resistant host, we detected both synonymous and non-synonymous mutations in multiple type three secretion system effectors, such as avrXacE1 (KI and K3, Supplementary Figure S2) , pthA2 (K3), avrXacE3 (K3), pthA4 (K1 and K3, Supplementary Figure S3 ) and XAC3230 (K1); the latter is an XopAI effector and shares a common N-terminus with the effectors XopJ and AvrXccE1 (Stavrinides et al., 2006; White et al., 2009) . Importantly, the fixed mutations were biased toward type three secretion system effectors. Among the 28 non-synonymous mutations in K1 and K3, 11 occurred in the type three secretion system effectors. These type three secretion system effectors are widely distributed in Xanthomonas species and are known to elicit the HR reaction in resistant hosts, as well as to participate in virulence and pathogenicity in compatible interactions (Boch and Bonas, 2010) .
Parallel evolution was observed in the two strains K1 and K3 that independently evolved to evade the HR in the resistant host kumquat. For K1 and K3, multiple instances of parallel evolution were observed, including non-synonymous mutations in avrXacE1 (Xaca0049), Xac2251, orfT (Xac3229), xpsF (Xac3543) and pthA4 (Xacb0065; Table 1 ). These results indicate that the mutations in strains K1 and K3 did not evolve by random drift, but by selection. Similar results have been reported in the long-term experimental evolution of Escherichia coli (Barrick et al., 2009) , Legionella pneumophila in mouse macrophages (Ensminger et al., 2012) and Pseudomonas aeruginosa in media mimicking the lungs of cystic fibrosis patients .
In summary, this study elucidates the role of adaptive evolution in the pathogen-host interaction and provides insight into both the evolutionary and functional mechanisms underlying the coevolutionary interactions of hosts and pathogens. We have provided a clearer understanding of the molecular interactions that drive the arms races of host and pathogen. Our results support our hypothesis that bacteria undergo stronger selection pressure in resistant plants than in susceptible plants with the resulting fixed mutation being biases toward effector genes.
